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Precision control over hybrid physical systems
at the quantum level is important for the realiza-
tion of many quantum-based technologies. In the
field of quantum information processing (QIP)
and quantum networking, various proposals dis-
cuss the possibility of hybrid architectures1 where
specific tasks are delegated to the most suitable
subsystem. For example, in quantum networks,
it may be advantageous to transfer information
from a subsystem that has good memory prop-
erties to another subsystem that is more effi-
cient at transporting information between nodes
in the network. For trapped-ions, a hybrid sys-
tem formed of different species introduces extra
degrees of freedom that can be exploited to ex-
pand and refine the control of the system. Ions of
different elements have previously been used in
QIP experiments for sympathetic cooling2, cre-
ation of entanglement through dissipation3, and
quantum non-demolition (QND) measurement of
one species with another4. Here, we demon-
strate an entangling quantum gate between ions
of different elements which can serve as an im-
portant building block of QIP, quantum network-
ing, precision spectroscopy, metrology, and quan-
tum simulation. A geometric phase gate be-
tween a 9Be+ ion and a 25Mg+ ion is realized
through an effective spin-spin interaction gen-
erated by state-dependent forces induced with
laser beams5–9. Combined with single-qubit gates
and same-species entangling gates, this mixed-
element entangling gate provides a complete set
of gates over such a hybrid system for univer-
sal QIP10–12. Using a sequence of such gates, we
demonstrate a Controlled-NOT (CNOT) gate and
a SWAP gate13. We further demonstrate the ro-
bustness of these gates against thermal excitation
and show improved detection in quantum logic
spectroscopy (QLS)14. We also observe a strong
violation of a CHSH-type Bell inequality15 on en-
tangled states composed of different ion species.
Trapped ions of different elements vary in mass, in-
ternal atomic structure and spectral properties, features
that can make certain species suited for particular tasks
such as storing quantum information, high fidelity read-
out, fast logic gates, or interfacing between local proces-
sors and photon interconnects. One important advantage
of a hybrid system incorporating trapped ions of different
elements is the ability to manipulate and measure one
type of qubit using laser beams with negligible effects
on the other since the resonant transition wavelengths
differ substantially. When scaling trapped-ion systems
to greater numbers and density of ions, it will be ad-
vantageous to perform fluorescence detection on individ-
ual qubits without inducing decoherence on neighboring
qubits due to uncontrolled photon scattering. To provide
this function in a hybrid system one can use an entangling
gate to transfer the qubit states to another ion species
which is then detected without perturbing the qubits.
This readout protocol could be further generalized to er-
ror correction schemes by extracting the error syndromes
to the readout species while the computational qubits re-
main in the code. Another application could be in build-
ing photon interconnects between trapped-ion devices.
Here, one species may be better suited for memory while
the other is more favorable for coupling to photons16,17.
A mixed-element gate can also improve the readout
in quantum logic spectroscopy (QLS)14. In conventional
quantum logic readout, the state of the clock or qubit
ion is transferred to a motional state and in turn trans-
ferred to the detection ion, which is then detected with
state-dependent fluorescence. In this case, the transfer
fidelity directly depends on the purity of the motional
state. In contrast, transfer utilizing the gate discussed
here can be insensitive to the motion, as long as the ions
are in the Lamb-Dicke regime18. This advantage extends
to entanglement-assisted QND readout of qubit or clock
ions, which can lower the overhead in time and number
of readout ions as the number of clock ions increases19.
In our experiment, we use a beryllium (9Be+) ion and
a magnesium (25Mg+) ion separated by approximately
4 µm along the axis of a linear Paul trap. The ad-
dressing lasers for each ion (λ ' 313 nm for 9Be+ and
λ ' 280 nm 25Mg+) illuminate both ions. The qubits
are encoded in hyperfine states of the ions. We choose
|F = 2,mF = 0〉 = |↓〉Be and |1, 1〉 = |↑〉Be as the 9Be+
qubit states and |2, 0〉 = |↓〉Mg and |3, 1〉 = |↑〉Mg for the
25Mg+ qubit. The Coulomb coupling between the ions
gives rise to two shared motional normal modes along the
trap axis. A magnetic field of 11.945 mT is applied at 45
degrees with respect to the trap axis. At this field, the
9Be+ qubit transition frequency is first-order insensitive
to external magnetic field fluctuations20. The magnetic
field sensitivity of the 25Mg+ qubit is approximately 430
kHz/mT. By measuring the decay of Ramsey interference
fringes versus time between the Ramsey pulses on each
qubit transition, we determine the 9Be+ qubit’s coher-
ence time to be approximately 1.5 s. The 25Mg+ qubit
coherence time is approximately 6 ms limited by mag-
netic field fluctuations. We verified that the phase and
contrast of Ramsey experiments on one species does not
change measurably in the presence of light addressing the
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FIG. 1. Configuration of laser beams for the mixed-
element entangling gate. For the 9Be+ ion, 313 nm
laser beams (in red) simultaneously induce near-resonant red
and blue sidebands transitions. Similarly, for 25Mg+, 280
nm beams (in green) induce sideband transitions. When
all beams are applied simultaneously this implements the
Mølmer-Sørensen spin-spin interaction (see Methods). Each
set of qubit addressing laser beams is set up such that the
wave vector differences ∆kj,r = kj,90 − kj,Co1 and ∆kj,b =
kj,90 − kj,Co2 (j = 1, 2) are aligned in the same direction
along the trap axis such that only motional modes along this
axis can be excited.
other species. This shows that the spectral separation is
sufficient to isolate the species.
Entanglement between the two ions is achieved
through a Mølmer-Sørensen (MS) spin-spin
interaction5–8 induced by laser-driven stimu-
lated Raman transitions18. Starting in the state
|↑〉Be |↑〉Mg = |↑↑〉, the interaction can produce the Bell
state Φ+ =
1√
2
(|↓↓〉+ |↑↑〉) (see Methods).
The laser beam configurations to induce coherent Ra-
man transitions are analogous for each element; for
brevity, we will only describe the configuration for 9Be+
(red in Fig. 1). Three laser beams, labeled by k1,Co1,
k1,Co2 and k1,90, are derived from a single laser with
wavelength λ ' 313 nm. Beams k1,Co1 and k1,Co2
are copropagating such that their wave vector differences
with respect to the k1,90 beam are aligned along the
trap axis. In this configuration, only the axial motional
modes interact with the laser beams. The two copropa-
gating beams induce the detuned blue and red sideband
Raman transitions, respectively, when paired with the
k1,90 beam to implement the MS interaction (see Meth-
ods).
One important consideration in creating determinis-
tic mixed-element entanglement with the MS interaction
driven by multiple laser fields is the control over the rel-
ative optical phases at the ions’ locations. The basis
states |+〉j , |−〉j , and the state-dependent forces that
are applied to them (see Methods) depend on the optical
phases of the beams kj,Co1, kj,Co2, and kj,90 (j = 1, 2)
at the ion positions. Beams kj,Co1 and kj,Co2 are gen-
erated in the same acousto-optic modulator (AOM), one
for each ion species, and travel nearly identical paths.
However, the kj,90 beams take a substantially different
path to reach the ions’ locations. Temperature drift and
acoustic noise cause changes in the different beam paths
that lead to phase fluctuations in the MS interaction.
These fluctuations are slow on the timescale of a single
gate but substantial over the course of many experiments.
To suppress these effects, we embed the MS interaction
in a Ramsey sequence implemented with two pi/2 car-
rier pulses induced by kj,Co1 and kj,90 for each qubit
21
(blue-dashed box in Fig. 2.(a)). The first set of pulses
maps the |↑〉 and |↓〉 states of each qubit onto the |+〉j
and |−〉j states, whose phases are synchronized with the
MS interaction. The final set of pulses undoes this map-
ping such that the action of this sequence is independent
of the path length differences as long as the differences
are constant during the entire sequence. In this case,
the sequence produces a phase gate Ĝ that implements
|↑↑〉 → |↑↑〉, |↑↓〉 → i |↑↓〉, |↓↑〉 → i |↓↑〉, and |↓↓〉 → |↓↓〉.
Such a phase gate could also be implemented as in Ref.
[9] (on qubits with magnetic-field-sensitive transitions).
This requires fewer laser beams but adds the technical
difficulty of synchronizing the state-dependent forces at
the ion locations for both species.
Before applying the gate, the ions are first Doppler
cooled in all three directions. The axial motional modes
are further cooled to near the ground state by Raman
sideband cooling on the 9Be+ ion22. State initialization
into the qubits’ |↑〉 states and qubit state readout are
described in Methods. After each experiment repetition,
we measure one of the possible states: |↑↑〉, |↑↓〉, |↓↑〉, or
|↓↓〉.
In a first experiment, we prepare the Bell state Φ+ with
the MS interaction (Fig. 1) and determine its fidelity by
measuring the qubit populations and the contrast of the
parity oscillation by applying “analysis” pulses23. The
analysis pulses are laser carrier transitions induced by
the non-copropagating laser beams kj,Co1 and kj,90 such
that the relative phase defining the basis states of MS
interaction is stable with respect to that of the analy-
sis pulses for each experiment repetition. We determine
a Bell state fidelity of 0.979(1). We also create a Bell
state by applying microwave carrier pi/2 pulses on each
qubit before and after the operation Ĝ (red-dashed box
in Fig. 2(a.)) achieving a fidelity of 0.964(1). Follow-
ing the procedure of Ref. [24], we perform a CHSH-type
Bell-inequality test15 on this state achieving a sum of cor-
relations of B = 2.70(2) > 2. This inequality, measured
on an entangled system consisting of different elements,
agrees with the predictions of quantum mechanics while
eliminating the detection loophole but not the locality
loophole24.
The imperfections of the entangled states can be at-
tributed to multiple causes which we investigate through
calibration measurements and numerical simulation. We
estimate the error from imperfect state preparation and
detection to be 5×10−3 (see Methods). Other errors are
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FIG. 2. Pulse sequences for logics gates. (a). Starting with the |↑〉Be |↑〉Mg state, this pulse sequence generates a Bell
state with Ĝ (blue-dashed box) and single-qubit microwave (µWv) gates. The notation (θ, φ) represents the rotation angle and
relative phase of each gate pulses. A parity oscillation is induced by applying analysis pi/2 pulses with a variable phase φ to the
created Bell state. To demonstrate the phase insensitivity of Ĝ, the single-qubit gates and the analysis pulses are implemented
by microwave fields that are not phase synchronized to the optical phases. (b). Pulse sequence of a Ramsey experiment where
a superposition state of a 9Be+ qubit is coherently transferred to a 25Mg+ qubit with a SWAP gate (black-dashed box). Given
Ĝ, either of the two qubits can be the target qubit of a CNOT gate (green-dashed boxes) by applying single-qubit pi/2 pulses
to it.
spontaneous photon scattering25 of 25Mg+ (6×10−3) and
9Be+ (1× 10−3), and heating of the motional mode due
to electric field noise (4 × 10−3)26. Other known error
sources include imperfect single-qubit pulses, off-resonant
coupling to spectator hyperfine states and the other mo-
tional modes, mode frequency fluctuations, qubit deco-
herence due to magnetic field fluctuations, laser intensity
fluctuations, optical phase fluctuations, and calibration
errors. Each of these sources contributes error on the
order of 10−3 or less. We find close agreement between
the experimental data and numerical simulations that in-
clude the listed imperfections.
We use Ĝ to construct a CNOT gate by applying mi-
crowave pi/2 pulses on one of the qubits before and af-
ter Ĝ (green-dashed boxes in Fig. 2(b.)) and use it
to demonstrate qubit state mapping. The “target” of
the CNOT gate is the qubit to which the single-qubit
pulses are applied. The CNOT gate inherits the robust-
ness against motional excitation from the MS gate5–8.
We compare the CNOT gate with the method used in
conventional QLS procedure where a red-sideband pulse
is first applied to the 9Be+ ion followed by a red-sideband
pulse to the 25Mg+ ion14. Both procedures are calibrated
for the motional mode ground state. Figure 3 shows Rabi
flopping of the 9Be+ qubit as detected on the 25Mg+ ion,
which is initially prepared in the |↑〉 state. For the ions’
motional modes cooled to Doppler temperature (mean
occupation number n¯ ' 4), the contrast of conventional
QLS method (red dots) is reduced significantly compared
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FIG. 3. Robustness of quantum logic readout against
thermal excitation. Rabi flopping of the 9Be+ ion detected
on the 25Mg+ ion with the motional modes cooled to Doppler
temperatures using the two mapping procedures described in
the text. P(|↑〉Mg) is the probability of finding the 25Mg+
qubit in the |↑〉 state. The CNOT mapping technique, which
makes use of the mixed-species gate described here, performs
better than the conventional QLS procedure due to the rela-
tive insensitivity to motional excitation. Each data represents
200 repetitions and error bars correspond to s.e.m.
to transfer with CNOT gate (blue squares). In both of
these mapping procedures the 9Be+ qubit phase informa-
tion is not accessible on the 25Mg+ ion. To preserve this
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FIG. 4. Ramsey experiments with SWAP gate. Ram-
sey fringe of the 25Mg+ qubit after initializing the 9Be+ ion in
the 1√
2
(|↑〉+ |↓〉) and applying the SWAP gate. P(|↑〉Mg) is
the probability of finding the 25Mg+ qubit in the |↑〉 state and
φ is the relative phase of the pi/2 pulse applied to the 25Mg+
qubit. The solid lines are fitted curves with contrast of 94 %
for the ions initialized to the ground state (n¯ ' 0.05) and 61
% for the ions initialized to the Doppler cooling temperature
(n¯ ' 4). The phase offset depends on the calibration of the
SWAP gate and can be experimentally adjusted to any value.
Error bars correspond to s.e.m. of 200 repetitions per data
point.
phase information, we construct a SWAP gate that inter-
changes the quantum state of the two qubits13 with three
CNOT gates. Figure 2.(b) shows the pulse sequence of
a Ramsey-type experiment where the first Ramsey (mi-
crowave) pi/2 pulse is applied to the 9Be+ ion and the
second (microwave) pi/2 pulse is applied to the 25Mg+
ion after implementing the SWAP gate. Ramsey fringes
for the ions’ axial motional modes initialized to near the
ground state (n¯ ' 0.05, blue squares) and Doppler cooled
(n¯ ' 4, red dots) are shown in Fig. 4. The contrast at
Doppler temperature is reduced because the Lamb-Dicke
limit is not rigorously satisfied. Through simulation with
and without the measured 25Mg+ qubit decoherence, we
determine that the loss of contrast for the SWAP gate due
to this decoherence is approximately 2 %. For all three
methods, the contrasts could be somewhat improved by
calibrating all gates for the given motional temperature.
In summary, we have demonstrated a mixed-element
entangling gate where we employ a Ramsey sequence to
suppress loss of fidelity of the output state due to low-
frequency optical path length fluctuations21. Using this
gate, we implement CNOT and SWAP operations be-
tween qubit elements which are relatively robust against
thermal excitation of the motion. These and related tech-
niques are potentially useful for building a large scale
processor or quantum network utilizing the advantageous
properties of different ion species16,27. The entangling
technique should also be applicable to qubits with opti-
cal transitions (e.g. Ca+ ion or Sr+ ion), or a combi-
nation of hyperfine qubits and optical qubits, which can
also make this technique useful for readout in quantum
logic clocks28.
Similar work has also been carried out at the Univer-
sity of Oxford29 on different isotopes of Ca+ where the
same laser beams can manipulate both isotopes simulta-
neously. The method presented here uses two substan-
tially different sets of laser beams and ion spectra illus-
trating that cross-talk between operations on different
species can be negligible, and could be applied to take
advantage of each species’ desirable features.
I. METHODS
A. Geometric phase gate
The Mølmer-Sørensen (MS) protocol5–8 requires simul-
taneous excitation of a blue sideband transition with a
detuning of δ and a red sideband transition with a de-
tuning of −δ for a selected motional mode (Fig. 1). The
excitation creates a forced harmonic oscillator interac-
tion and displaces the motional wavefunction in phase
space in a manner that is dependent on the internal qubit
states. If the different displacements enclose a loop, the
qubit states pick up a geometric phase proportional to
the state-dependent area of the enclosed loop. We create
an entangling logic gate by choosing appropriate geomet-
ric phase differences between different qubit states.
Laser fields are used to induce coherent stimulated-
Raman transitions between the qubit states of each ion
and the shared quantized degrees of motion18. For each
qubit we can excite carrier transitions | ↓, n〉 ↔ | ↑, n〉
that induce spin-flips without changing the motional
Fock state n. A blue (red) sideband excitation | ↓, n〉 ↔
| ↑, n+ 1〉 (| ↑, n− 1〉) flips the spin while adding (remov-
ing) a quantum of motion by detuning the fields from the
carrier transition frequency by the motional frequency in
the positive (negative) direction. The relative frequen-
cies, phases, and intensities of each set of laser beams
(Fig. 1) for each qubits can be adjusted with AOMs
which are computer controlled. The 9Be+ Raman laser
beams with a wavelength of λ ' 313 nm are approx-
imately 480 GHz red detuned from the S1/2 to P1/2
electronic state transition. The λ ' 280 nm Raman laser
beams for 25Mg+ ion are approximately 160 GHz blue
detuned from the S1/2 to P3/2 electronic state transi-
tion. Carrier transitions can also be implemented by mi-
crowave fields delivered from an antenna located outside
the vacuum chamber.
After transforming into the respective interaction
frames of both qubits as well as that of the shared
motional mode of motion, and dropping high-frequency
terms in the rotating-wave approximation, we can write
the interaction in the Lamb-Dicke limit as18
H = ~
∑
j=1,2
Ωj σˆ
†
j
(
aˆe−i(δjt−φj,r) + aˆ†ei(δjt+φj,b)
)
+ h.c.,
where j = 1, 2 denotes the two different ion species,
5Ωj = ηjΩ0,j where Ω0,j is the carrier resonance Rabi
frequency. The Lamb-Dicke parameter ηj is equal to
∆kjz0,jbj , where bj is the mode amplitude of the jth
ion and z0,j =
√
~/2mjωz, mj is the mass and ωz is the
frequency of the selected normal mode. The spin rais-
ing operator is σˆ†j and aˆ
† is the creation operator for the
relevant (harmonic) motional mode.
The phases of the red (r) and blue (b) sideband in-
teractions are φj,r(b) = ∆kj,r(b)X0,j + ∆φj,r(b) where
∆kj,r(b) and ∆φj,r(b) are the differences in wave vec-
tors and phases of the optical fields driving the red
and blue sideband transitions respectively, and X0,j is
the equilibrium position for the jth ion. After set-
ting Ω1 = Ω2 = Ω and δ1 = δ2 = δ, and writing
φM,j = (φj,r − φj,b) /2, the geometric phases accumu-
lated after a duration of tMS = 2pi/δ for the four |+〉j
and |−〉j basis states (defined as the eigenstates of σˆφ,j =
cos ((φj,r + φj,b)/2) σˆx,j − sin ((φj,r + φj,b)/2) σˆy,j) are
ϕ|+,+〉,|−,−〉 =
8piΩ2
δ2
cos2
(
φM,1 − φM,2
2
)
,
ϕ|+,−〉,|−,+〉 =
8piΩ2
δ2
sin2
(
φM,1 − φM,2
2
)
. (1)
To maximize entangling gate speed, the geometric phases
for the different parity qubit states in Eq. 1 are set to dif-
fer by pi/2. This is accomplished by adjusting the phases
of the radio frequencies driving the AOMs.
There are two axial modes: the lower frequency mode
(ωz = 2pi × 2.5 MHz), where the ions oscillate in phase,
and the higher frequency mode (2pi × 5.4 MHz), where
the ions oscillate out of phase. The Lamb-Dicke param-
eter for the 9Be+ (25Mg+) ion is 0.156 (0.265) and 0.269
(0.072), respectively, for the two modes. We use the in-
phase mode for our demonstration because for the 25Mg+
ion, it has a larger normal mode amplitude compared to
the out-of-phase mode. This results in less spontaneous
emission error for a given strength of the state-dependent
force. Gate time tMS is approximately 35 µs.
B. Calibration procedure for phase gate Ĝ
To produce the phase gate Ĝ, the phases of the pi/2
pulses for the Ramsey sequence must be referenced to the
basis states of the MS interaction defined by the optical
phases. The phases must also account for the AC Stark
shifts induced by the laser beams that are used for the
MS interaction.
To calibrate these phases, we first perform the pulse se-
quence shown in the blue-dashed box of Fig. 2.(a) with
the MS interaction pulses detuned far off-resonant from
the red and blue sideband transitions such that they only
induce AC Stark shifts on the qubits. Starting with the
input state |↑↑〉, we set the phases of the final pi/2 laser
pulses such that the action of this pulse sequence returns
each qubit to the |↑〉 state. Then, we perform this se-
quence with the MS interactions correctly tuned and vary
the phases of the MS interactions. Again, in this case we
look for the phase that maps the input state |↑↑〉 back to
itself. We verify the action of this Ĝ operation by cre-
ating a Bell state with the pulse sequence shown in Fig.
2.(a).
C. Qubit state preparation and readout
For qubit state preparation, the 9Be+ ion is optically
pumped to the |2, 2〉 state followed by Doppler cooling
implemented by driving the S1/2 |2, 2〉 ↔ P3/2 |3, 3〉 cy-
cling transition with a σ+ polarized light. Similarly, we
optically pump the 25Mg+ ion to the |3, 3〉 state and ap-
ply Doppler cooling on the S1/2 |3, 3〉 ↔ P3/2 |4, 4〉 tran-
sition. For ground state initialization of the axial mo-
tional modes, Raman sideband cooling is applied to the
9Be+ ion22. To transfer the 9Be+ |2, 2〉 state to the
|1, 1〉 = |↑〉Be state, we use microwave composite pulse
sequences that are robust against transition detuning er-
rors. These consist of resonant
(
pi
2 , 0
)
,
(
3pi
2 ,
pi
2
)
,
(
pi
2 , 0
)
pulses30, where the first entry denotes the angle the state
is rotated about a vector in the x-y plane of the Bloch
sphere and the second angle represents the azimuthal an-
gle for the rotation axis. With analogous sequences, we
first transfer the 25Mg+ from the |3, 3〉 state to the |2, 2〉
state, and then to the |3, 1〉 = |↑〉Mg state.
The state-dependent resonance-fluorescence detection
technique is accomplished with an achromatic lens sys-
tem designed for 313 nm and 280 nm31. We sequen-
tially image each ion’s fluorescence onto a photomulti-
plier tube. After reversing the initial mapping proce-
dures to put the |↑〉 states back in the respective cycling
transition ground states, we apply the Doppler cooling
beams. The fluorescing or “bright” state of this protocol
therefore corresponds to the |↑〉 state of each ion. The |↓〉
state of each qubit is transferred to |1,−1〉 and |2,−2〉 for
the 9Be+ and 25Mg+, respectively, with microwave car-
rier pi pulses. These states are “dark” to the detection
beams and correspond to the |↓〉 state. This “shelving”
technique is used to minimize the overlap of the bright
and dark state photon count probability distributions.
With detection durations of 330 µs for 9Be+ and 200 µs
for 25Mg+, we detect on average 30 photons for each ion
when they are in the bright state and 3.5 photons (pre-
dominantly from background light) when they are in the
dark state. The qubit state is determined by choosing
a photon count threshold such that the states are maxi-
mally distinguished. The state preparation and detection
error of 5×10−3 reported in the main text includes errors
due to the threshold detection protocol (false determina-
tion of each detected state being in the other state) and
the infidelities of the microwave transfer pulses.
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